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I. D.irin« perlc l tl i* uorU on tha sp'^etml line p-ir.’tnofcer s 

of t'ie OH - X^(n,0) bund has bean ooinpleted. \ dobjUleC 

papor .iosoribing this work hns been publivSlied in J.Q.;5.R.T. and n 
reprint is erjclosed as an Appendix, f.'umerous reprints requests 
for this paper v/ere received. 

II, Using t b. *} rt 0 t h 0 d s o e v (! I o p e d Cor N 0 n q u a n t i f i o n t i ^ n ^ ^ ^ 
vluring previous phases of tliis project, the uv-visible data 
obtained during tb.e 1977 balloon flights have been used for 0»j 
quantificntion. 

For r t m o 3 p h e r i c ozone amounts and t .h e region covered by 
thf’se spectra, the ozone absorption renders the atr.iosphere opaque 
r t low sun agios in the 2300-3100® region (Hartley bands). From 
about 3500 ro ^tOOC?i the ozopu ibsor'ption coefficients are too 
aniill bo give appreciable absorption even t tlie lov/cst sun 
angles scanned ). From JiOOO to 500 0^ (Chappuis bends) the 

atmospheric absorption is quite wen'/, and broad and does not have 
t!ie contrast structure requir->cji for the three wavelengths method, 
'i'ha region from 310 0? to 3500? appears to be the best region to 
use for determining ozone columrjs with the three - wavelength 
method , 

Accurate determination of ozone columns and volume mixing 
ratios requires accurute ozone absorption coefficients measured 
at atmospheric temperatures (210 to 260 IC). The bast presently 
available published absorption coefficients are those of 

p 

Vigroux . ’/e havt; used these coefficients and five combinations 

of three wavelengths chosen from the features marked in Figur'e 1 


to nsor.o nolurns rnd voluriig mixlnc rntlcs. 

The oSione volume mixinc rrfclos defcor mined from the u 
February 1077 UV and 17 F^bruory 197? dV data have been coripar''*d 
with st.andnrd midrile-Xabttude or.one profiles^. The ozone 
prorUea from both fllGhbs are in ngreenent with the standard 
profile mixing ratios, ns shown in Figure 

The spectra in Fig. 1 li a v e been smoothed to ? . 5 \ 
reaoluticn. rt should br n^ted that while the fine structure of 
the ntmospherio On absorption in Fig* 1 is not fully accounted 
for the Vigroux coof fieients, it is in agreement vfith the recent 
high resolution ( 0 . 2 R ) work being completed at the II . P . .'I . The 
uccurecy of the ^ profiles should Improve uhen this work, which 
is oonduc.tv’’d at atmospheric temperatures, la completed. 

Ill, ',,'ork has started on the new UV solar spectra obtained 

during the 1 d / 1 balloon flight. dumerOus high and low sun 

sans were obtained during ascent and from float altitude ( »- 3 J 

km) at O.OtH resolution in the region. !llgh and low 

sun scans from float altitude have been calibrated in wavelength. 

Representative scans are shown in Fig. 3 and Fig. M respectively 

* 

for the 3 0 7 C - 3 0 H 2 .? region, w li i c h Is considered best for H 
measurements. The spectre are being studied for 0 H 

f 

identification and quantification. 
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WAVELENGTH (R) 

Fig. 1 Ratio of Scan 83 (low sun) to Scan 56 (high sun). The fine 
structure in the ratio spectrum is due to atmospheric 0^. 
Resolution is 2.3^. 
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MIXING RATIO ( 10-^ VOLUME/ VOLUME) 


Flgur* 2 Preliminary csone profiles superimposed on ehe scandard 
midlacltude ozone profile of Mateer ec al . (1980). 
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Fig. 3a Salectad high sun scans obtained during the 3/19/81 balloon 
flight from float altitude <33 km). Resolution Is 0.03R. 
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SPECTRAL LINE PARAMETERS FOR THE 
A*l-^X*n(0,0) BAND OF OH FOR ATMOSPHERIC 
AND HIGH TEMPERATURES 
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1. INTRODUCTION 

Tht A^-XW>0) bmd of OH in Iho 3M5A region hu been of intercit to quMtititive 
speetroscipiiti for miny yctrs beciuM of iti high ibiorpiion end emiiiion intensity end 
convenient wtveleiigth iocetion for ipectroicopic probes. The hydroxyl redial is e coniinon 
by*product of most combuiiion processes, is present Atmoiph^, soler end st^ spe<^tre. 
end in reant yeen hes ban elso recognized es en kfr$}>ortent true anstituent in eunospherir 
chemistry. Accurite determinetion of the emount of OH present during spectnsscopic experiments 
depends on precise knuv/ledge of line positions end intensities. Severe! enelyses of spectrel line 
positions for this bind ire aviilible; among the more important of these are those of Dieke and 
Cross white,' who provided the first extensive analysis of the OH u.v, spectrum, and Destombes 
et of.,* who performed elaborate analysis of modem microwave, i.r. and u.v, OH data. Intensity 
(relative and absolute) studies of this band have been reviewed recently by Chidsey and 
Crosley,’ who also performed extensive RKR calculations of rotational transition probabilities 
for the A-X system of OH. 

The purpose of this work is to combine the best presently available data and theory to 
derive ucurate quantiutive line parameters for the A^I-.V^n(0, 0) band, applicable to atmos* 
pheric and high temperatures. The results are displayed in line parameter ubles, and include 
improved values for the line strength, calculated in intermediate coupling from the energy 
matrix eigenvutors. 


2. LINE PARAMETERS DERIVATION 

The OH molecule has an unpaired etectron with total electronic angular momentum L ■ I 
and 5 t/2. In the electronic ground state the projection of L along the intemuclear axis is 
A« ± 1. The projection of 5 along the interaulear axis is S ■ ± 1/2, with a total electronic 
angular momentum projection n • A ■»> S. Here, A, 1 , 0 are considered as signed quantities, as 
in the noution of Hougen.* The electronic ground state is an inverted TI state with the 
ni|/s(a * ±1/2, F:) levels at higher energy than the ‘IIm levels (0 - ±3/2, Fi). The rotational 
levels for this state are intermediate between Hund’s ases (a) and (b). In the ^ upper state, 
which is Hund's case (b), A • 0 and 0 <■ ± 1/2 with / ■ N ± 1/2. The and ^ states perturb 
one another and produa A douUing for euh N (^i/j) or / 

We use the unique perturber approximation described by Destombes ef at? to calculate 
energy levels. Thi^ process is restrictM to a single vibrational level e in the A*1^X^ subspaa. 
The total angular momentum number F (not to be confused with the level designations Fi and 
F:) is a good quantum number. For a given F, the / and J + 1 levels are weakly coupled by 
magnetic hyperftne interactions. These interactions are negligible in the calculation of electronic 
spectra and J may be considered a good quantum number. This procedure gives a 6x6 
Hamiltonian matrix, the elements of which are listed in Table 1, The matrix elements are 
QiaTVal.»,N«. 2 ~a <11 
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written in Hund*i ease (a), with the wave function! repreienied by jAS2)|ifl) "lASli/fl). w 
that 

'Itui', lASXj/m - r t/2 i \l2iJ ^ 1/2K 
•n |AS2;/n> - 1 s 1 1/2 = 1/2;/ ± 1/2), (I) 

lASS;/m - ! ± n/2 s: 1/2;/ s 3/2). 

The Kamiitonian conitaati used* are shown in Table 2 (these constants giv* a better fit to the 
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Srnml ptww w n far tfw t>f OH ti) 

obmvtd fpKmMi ibaii thoic of Rtf. 2, wMdi do not have a fufRckni MHRbtr of difHi 
rttahiedK Tht 6xd Hainihoiiiaii matrix nay he reduced to two |x3 bkwkf by the Krootf 
traaifomationf 


{yni) - i((AS 2 >i/n)f d! - as - 2)|/ - n», o 


where I eqiiali l■lymmetric*4>or a "aatiiymmetric*-. Thii uolatioii fhoiitd not be 
coafuMd with the i. a aud4>,-iioiatkw for homouuclear diatomjc moleculei.t la thii aew 
baiii. one of the I X 3 blockt coatalai only matrix eiemeati of the type </'fl’x|l||yn$> aid the 
other coatahii only matrix elementt of the type (/'n^aUVi/Oa). 

After Mimerkal diafonallxation of a 3 x 3 Kronif tranifomied block, the electnmic itate of 
each etfenvalue (enerty level or. more properly, term value in cm*') may be determined by 
notini that the larfett eipenvaiue belonfc to the state, the intermediate eifenvalue to the 
state, and the smallest cifenvahM to the stau. The remainiRi mMumim numbers and 
parities may be determined from TaMe 3. 

The selection rules for the A*2-X^n(0,0) electric dipole allowed transitions are 1/ *0. s I, 
AM «0. £ I. s3. Par!*y selection mles require and -e*-, which five for the 

wavefunction the Kronii symmetry sclectiM rules of i •*! and a ««a for A/ ■ s )(P and R 
braachn) and i«*a for A/ "0 «? branclws). Transitiofis are desipntad by where 

' refers to the upper state and ** refers to the lower sute and f is Fi or F;, These selection rules 
permit 12 branches, of which 6 are main branches ('Fn.'’Qn.*Rii/F!!,'’Os, *R») and 6 arc 
(weaker) satelIHe btanches ®Fji, ®F,i), 

The line intensities 5/^(7) (Gm‘'/atm«cm) at temperature T(*K\ are calculated from* 

ff 

where F’-F*) is the transition frequency in cm*', c • 2.99792458 x I0'*cmysee, N is the 
total number of OH molecuics/cm^ p is the pressure in atm, is the Einstein A coefficient 
in sec*', E* is the lower state eneny ( ■ Eth and is the vibration rotation partition function. 
Line intensitief may be converted from cm*Vatm*cm at T to cm/molecule at T by 

S,.(rKcm/molecule) - 3.721963 x io-» 2 ^Il^S,«(rKcm“'/cm-atm). (4) 

The 5(.(T) in cm/moleeule arc at the population temperature. 

We assume that is given by QeQn, where the vibrational partition function Qr in the 
harmonic oKillator approximation is 
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and u, is the vibrational harmonic osciiialor frcqtMncy in :m*'. Huber and Herzberg^ give 
u, <■ 3737 J6| cm"'. A comparison of the values ol Q, calculated by Eq. (5) and by direct 
summation of e*'’*^ shows a difference of less than 0.2% at 4600*K. The rotational partlUon 
function is calculated from the actual energy levels as follows: 

<?e-2(2/'+l)e-'-“**^^»’. (6) 

rn’ 

Chidsey and Crosley^ give the Einstein A coeiRcient as 

A*ri‘ ■ + 1) sec"', (7) 

where is the rovibrational transition probability and Sit is the rotational line strength. 
Chidsey and Crosley tabulate relative values of through N*** 32 for the A^Z-X^n(0,0) 
band in their Table 4 They state that they calculated the line strengths Sit besed on Earls* 
formulas* with a /-dependent spin-orbit coupling parameter A and the routional constants of 
Dieke and Crosswhite.' We have found that the um of Earls’ formulas can lead to signtfleant 
errors at high / in the satellite bands. (This problem is furtiwr dis-sussed in the following 
section.) Therefore, we have calculated Sit by following the method described by Hoogen.* 
Chidsey and Crosley* have kindly provided a table of relative valwts for p^^'- throi^ J ■ 3S.5 
prior to publication. 

The At r may be put on an absolute basis by noting that the lifetime of a state is 

Tf/-- (^Aj:*y*) sec, (b) 

Because Chidsey and Crosley’ give A iMo 0.0040 (here the notation is AS*), we assume that 
for the v' • 0 vibrational state ail vibrational states other than e" «• 0 make negligible con- 
tributions to T,!', The best available lifetime for the rotationiess {N'"QW »0 state is probably 
that measured by German.'" ro.i.; * (0.688 s; 0.007) x 10~*sec. There are three transitions from 
the t' '»0 state to the rotationless t*'»0 state, namely, ^Pn(1.5), °Pi:(I.5), and '’(?i:(0.5). We 
calculate relative At'r for all /' and J” of interest by ignoring ail consunt factors in Eq. (7) 
and normalize these by using Eq. (8). 

We form the Sjt by following the method given by Hougen.* In addition to the selection 
rules l/«0, ±1 and +*■*- parity, electric dipole selection rules on 11 give nonzero matrix 
elements only for (Q ± I|m« ± iMriO) for AH ■ ±1 and<n|MrjO) for Afl «0, where ^ /a^and are 
eleeme dipole moment components in the molecule ftx^ axis system. In the latN^C'^ .Jted 
coordinate system 


Mr ■ |(oz. - iozy Km* + fM*) + + Wz* K m» “ »M») + «z>m*. (9) 


where oz,, a?,, and oz: are the direction cosines between the molecule-fixed and laboratory- 
Tafek 4. Nonzero routional dirtciion coiine matrix cicmenii in (/'n'|M|/.n)(Hiind's cim (a)). 
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spectral iiM pirarnttfl for llM A‘S>X’niO.O) band of OH If? 

fixed coordinates systems. The direction cosine matrix elements are given in Table 4. The Mji 
M y. and Ml V* Khen to be experimentally determined parameters. For lack of better .n« 
formation, we take V(I/2 )Im. + iMy) ■ VO/2)1 mi “ i%t ■ M* ■ I* 

Because we assume that the electronic and rotational parts of the wavefunction are 
sepuitolcy the electric dipole matrix elements may be written u 

WST‘, /'niMe|AS2i/n> - i<A'S'2lM, + <MylASS)</'ftVn ~ /fieyp*n) 

m 

+^<A'S11m. - iMylASSK/'nlaz. + /oz,|/n>+ <A'ST!Mi|A52K/'nl«ft|;n), (10) 

where " has been dropped on the iower state quantities. Only one of the three terms on the r.h.s. 
of Eq. (10) is nonxero for any allowed hinsition matrix element. The electric dipole transition 
matrix is formed in the same buis as was the Hamiltonian matrix, that is, the Hand’s case (a) 
basts, Salaction rules in this basis arc A5*0, 4S"0, AA«0. ±1, and 6J «>0, tl. Because 
AX«0andft*A^S, the selection rule Afl ■ AA is obtained. 

For transitions the last term in Eq. (10) is always zero. Because we are interested in 
^X-^ transitions, we set all matrix elements of the type (^iMr|^> and (^FljMePn) equal to zero. 
This approximation is valid because these matrix elements are much smaller in magnitude than 
the (*X|mzI^) matrix elements and because they enter into the line strength only through weak 
mixing between the ^11 and ^X wavefunctions. The relative phases of the matrix elements are 
determined by following the presv'iription of Hougen* and Whiting and Nichoils." Following the 
suggestions of Whiting and Nichods, we have normalized the line strengths so that 

g Srr « 2(2S + l)(ir + 1 ) « 4(2/" + 1 ). (II) 

Table 4 reflect? this choice of normaliZiMion, 

The line strength 5/r is formed in intermediate coupling by taking RmImzIOP. where |u) 
represents the eigenvector of the ^ state, |/) represents the eigenvector of the *11 sute, and mz 
now represents the 6 x 6 transition matrix. However, the eigenvectors formed during diagonal* 
ization of the energy matrices are in the Kronig transformed basis; therefore, the dipole matrix 
must also be transformed into this basis. Using the Kronig transformed wavefunctions given by 
Eq. (1), the Kronig transformed dipole matrix elements have the form 

(/'n'd'iMrkfl*) - ^</'niMz|/ft) + d(/'nlMz!/ - n> 

+ «’(/' - n'iMzi/fl) ^ w'</' - niMzl/ - n» 02 ) 

and, if we let m 1 be the matrix of the (/’fl'd’lMzP^fld), 


5 ;r-|(/'ft'«lM 5 |/n«)p. ( 13 ) 

To our knowledge, the ^*11 transition matiices have not been published elsewhere. V/e show 
them for the P, Q, and R branches in Tables 5-7. The twelve branches correspond to the four 
3x3 blocks in the Kronig basis as follows: 


a *-a 

a*~s 


‘’0.1. '0.! 

s 

S •“ J 

“Qn.’Qzi 



For the Q*branch lines, the only nonzero 3x3 blocks are those for a *- 5 and s <- a, while, for 
the R- and ?*branch lines, the only nonzero 3x3 blocks are those for a a and s*~s. When 
forming line strengths, the appropriate block must be substituted into Eq. (13) for fif. For 
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example, to lenerate the Qi line itrenfth we form 

). RESULTS AND DISCUSSION 

Line ttrengUii, Einitem A coeficienu, imeofitiM. and traniition frequcncin have been 
cakulaied (or all bnnchet of the - JITW. 0) OH ipectnim throu^ J ■ 1S.5 at 24(nC for 
atmoipheric applicationi and through / ■ 40.3 at 4<i00*K for high temperature applicationt. 
These calculated values are shown in Tables $ and 9. respectively. The toUd band intensities (by 
summation of the individual lines) are 2.794tx I0*cm“'/atm<cni at 240*K and 1.6163 x 
I0’cm*7itm«cm at 46(KrK. Line intensities are plotted at these two temperatures in Fig. 1. 
Some caution must be exercised in using high J data from Table 9, The spectroscopic 
constants^ used here were determined from data* which included transitions through 3 • 2S.S. 
Although these constants allow prediction of that data to within 0.1 cm”' maximum error and a 
standard deviation of 0.03 cm”' (the hyperfine structure it neglected here), such accuracy 
cannot be expected for all lines between 3 - 23.5 and 40.3, Uncertainties in the calculation of 
energy levels at these high 3 cause proportionally smaller uncertainties in the energy eigen* 
vectora (wavefunctions) and in quantities calculated using the eigenvectors (line strengths. 
Einstein A coeffleients, and intensities). 

Chidsey and Crosley* list through 3 - 33.3. We have extrapolated p% for / - 36.3- 
40.3. Although the dependence of pPr on 3 is quite linear for P, Q, and R transition 
probabilities between 3 • 25.5 and 33.3, extrapolated used to calculate Einstein A 
coefficients and intensities at higher 3 must be used with caution. 

Although we list four digits for Einstein A coefficients and intensities in Tables 8 and 9, the 
absolute uncertainties of these quantities cannet be less than 1%, because German’s'" has 
a 1% quoted uncertainty and because Chidsey and Crosley's* pi-f* are quoted to three 
significant digits. The relative uncertainties are limited by the relative accuracy of the pl-r and 
the line strengths. These relative uncertainties should be less than 0,3% for 3 less than 25.5 and 
are probably less than 1% for 3 less than 33.3. 

Our calculated line strengths have been checked for accuracy by comparison with values 
calculated using Earls'* algebraic formulas (these formulas are equivalent to those of Kovacs” 
for 'S-'n transitions). When centrifugal and higher order distortion and S-Il interactions are 
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ipiored, our line strcntths are identical to those calcubted using Earls' formulas. Ignoring these 
effects does not signiAcantly alter the line strengths for main branch transitions but does lead to 
large errors at high J for the weaker satellite branch line strengths. Earls' forumlas (which ignore 
centrifugal and higher distortion and S-n interactions) predict consistently smaller line strengths 
than those calculated by us (which include centrifugal and higher distortion and S-II interactions). 
In the ^If II branch, Earls' line strengths range from of our line strength at 7* ■ 20.5 r > of 
our line strength at /* ■ 40.5; in the %| branch they range from 7t% of our line strength at 

- 20.5 to 40% of our line strength at /* « 39.5. Earls’ formulas show intermediate error in this 
range for the other satellite branchM. 

Bennett's” line«strength formulas, which include P* centrifugal distortion, may expected 
to give much more accurate results. Based on our check of Earls' formulas, the line strengths 
for the branch should have the largnt deviation. Bennett's formula predicts line strengths 
for this branch which are 1% higher than ours at / « 1.5 and decrease to 0% lower at / « 25.5; 
they increase to 2% higher at 7 > 39.5. Examination of the eigenvectors shows that the P* term 
and. to a lesser extent, the *I-'n mixing can contribute an effect of a few percent to the 
satellite bands line strengths. Thus, the dominant effect in the deviations from Earis’ formulas is 
due to the centrifugal disortion, which is relatively large in a light molecule such u OH. 

The conclusion to be drawn from these comparisons is that both the algebraic formulas or 
our method give accurate main branch line strengths at all experimentally observed 7 values. 
Earls’ formulas lead to significant errors at high 7 in the satellite bands. Bennett's formulas give 
acceptable satellite branch line strengths for most work. However, when the highest accuracy is 
required, the line strengths from Table 9 should be used. 

When our Einstein A coefficients are normalized to the same relative value as those of 
Chidsey and Crosley,’ the two sets of values differ by at most 1 2 in the last decimal place. As 
with line strengths, these differences become inportant only at high 7 in the satellite branches 
where many of the rsiative Einstein A coefficients are quoted to only one significant digit by 
Chidsey and Crosley. An additional advantage of our Einstein A coefficients in Tables 8 and 9 
for quantitative spectroscopy is that they are absolute rather than relative values. 

Although we have chosen to present OH line parameters for temperatures of 240 and 
4d00*K, our computer program can generate A'S-X *11(0,0) band line parameters for any 
temperature. Table 10 may be used with Tables' 8 or 9 and Eqs. (3) and (5) to convert line 
Intensities from these temperatures to any temperature in the 20O»fi0OO*K range. Intensities so 
determined should have the same accuracy as those in Tables 8 and 9. Band intensities at 
temperatures other than 240 and 4600*K may be calculated by summing the individual line 
intensities at the desired temperature. Simpler approximate procedures which directly convert 
from a band intensity at one temperature to a band intensity at another temperature such as Eq. 
(7-126) in Penner,^ give errors of approx. 15% when band intensities at 240 and 4600*K are 
compared. 
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RURATUM 


Tbe following corrections should be made to Goldman and Clllis^. 

In Eq. (3) and (7) the expression (2J’+l) should be 4(2J'+l). 
Consequently, all intensities in cm”Vatm-cm and cm/molecule in Ref, I 
should be multiplied by 4, All other line parameters remain unchanged, 

1. A. Goldman and J. R. Gillis, JQSRT 2i, lU (1981). 



